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Svnopsis: Power  MOSFET  devices are susceptible to  heavy-ion  induced  Single-Event  Gate  Rupture. 
Computer  modeling  show  that intense electric field transients can  trigger  the  SEGR  phenomenon. 

Summary: The  age  of  space exploration may  not  have  had’  its  birth  with  the invention of  the transistor. 
However,  half a century after its introduction to  the world, the transistor has  made it possible for  humans  to 
explore  the solar system. 

The  neural  system  of a spacecraft is its on  board  computer;  hundreds  of  integrated circuits (IC) make  up  the 
computer.  Each  IC is made  up  of  thousands or millions of interconnecting transistors on a single silicon 
wafer. 

Powor MOSfET Structure 

Figure 1 .  Generic Power MOSFET Structure 

Figure 1 depicts a typical power MOSFET (metal oxide  semiconductor field-effect transistor) structure. 
Power MOSFET are a special type  of transistors. Transistors are a subset of complementary  metal  oxide 
semiconductor  (CMOS)  technology.  The operational scheme for MOSFET are as follows.  Two regions, 
the  source  and  the drain, have a surplus of electrons and  hence  they  are called n- (for “negative”) type. 
The  p- (positive) type region has  an  abundance of electron vacancies (called holes). Above  the epitaxial 
layer, which  is  made of a silicon semiconductor material, is  an insulating layer of silicon dioxide (SiOz). 
The gate poly (or simply gate) sits on  top  of  the insulating layer. When a positive voltage  is applied to  the 
metal gate and a negative voltage  to  the drain, an electric field  is  set  up  between  the gate, which penetrates 
the  SiOz  layer  and drain. The electric field attracts electrons toward  the interface between  the epitaxial 
layer  and  the substrate (field effect). The electrons over  populate the substrate, which create a field 
inversion. This inversion allows  the substrate to  permit current to flow  from drain to  source [ 1-41. 

Integrated circuits on  board a travelling spacecraft will  be  exposed  to  the radiation environment of space. 
Ionizing particles of high  energy (galactic cosmic rays and or solar flares) will  randomly  bombard  the craft. 
A few  of  these particles may  induce  an  intense transient electric field, which  may render  the transistor 
useless,  the so call single-event  effect. The single-event gate rupture phenomenon  is a destructive single- 
event  [4-61. 



In order to try to under stand the  mechanism of SEGR a three  prong  attack was implemented.  First, 
conduct an extensive literature search on the subject and  any relating matters.  Second. present a plausible 
model  explaining  the  phenomenon. And third, test  the  model by performing esprriments on  virtual  and 
actual power  MOSFET devices. PISCES, a commercial  software  package, was used  to simulate electric 
fields prior to  and  following the passage of an  ion  through a power  MOSFET structure. Power  MOSFET 
transistors were  then irradiated to failure at heavy-ions accelerator (Brookhaven  National  Laboratory  Van 
de  Graaff). 

Six Harris FRLl3O  power  MOSFET  devices  were radiated with Iodine, whose linear energy transfer (LET) 
is 60 (MeV/cm**mg)  with a range of 33 pm. The characteristics of the  device are as follows. Insulating 
gate  oxide thickness 46 f 4 nm, epitaxial depth of 20 pn with  doping  of 1 ~ 1 0 ‘ ~  ion  per  cubic centimeter, 
and a substrate doping of 3x10’’ ions per cc at 7 pm shallower. The  FRLI3O is rated for 100 volts between 
drain to  source (VDS). For a given radiation run either VGS (gate to source voltage) or V D ~  were  stepped 
(while the other was  maintained fixed) and irradiated with a fluence step of IO5 ions per  cm2 or until  SEGR. 
Between irradiations, the transistor was  measured  with VGS = specification ma,,imum and VDs = 0 volts, as 
well as, with  VDs = spec. max.  and VGS = 0 v. If device  was stilling operational the voltage  was  stepped  up 
and irradiated once more.  Flux  was  maintained  about IO4 ions per  cm2  per second producing  roughly ten 
second runs. All electrica1 characterizations (measurements)  were  performed  with an HP4  142b  connected 
to a computer via a  general purpose  instrument bus (GPIB). 

s a l . )  Figure 3. Power MOSFET structure, showing 
ion strike with holes moving  upward  and 

Figure 2. PISCES simulation geometry electrons downward under the 
(cylindrical symmetry) influence of the positive drain voltage. 

Figure 2 depicts the virtual power  MOSFET  used in the computer simulations. The physical dimensions 
and  doping levels were selected to roughly  correspond  with  the FRL I30 device.  Figure 3 shows a 40 pm 
long ion  track left behind  by  an  ion  with a LET of 40 Mev/cm‘*gm  with a gaussian radial distribution of 0.5 
pm. Electron-hole pairs (EHP) are created by the passage of the ion [j]. As in the case of figure 3, when a 
positive bias is applied on the drain, electrons are swept  towards  the  drain and the slower holes migrate  to 
the epitaxial substrate interface where  they pileup[4,5]. Depending on  the  amount of energy  imparted on  to 
the electrons by the  ion-induced electric field. ionized electrons will jump  a cross the silicon band  gap  and 
on to the  conduction  band, a minimum of 3.6 eV  is required for the  creation of electron hole pair (EHP)  [ j]. 
I f  only  enough  energy to reach  the  lowest  energy  level  on  the  conduction  band is imparted on to the 



. .  

electrons then any interaction  and  the electrons w i l l  recombine with holes  and the excess  energy will be 
liberated in the  form of electromagnetic radiation [7).  

Figure 4, shows the  result  of a PISCES simulation. Prior  to  the  passage of the  ion,  the electric field at the 
oxide layer  was  about 1.7 MV/cm. 3.92 picosecond  after  the ion passed,  the electric field  strength  was -I4 
MV/cm, and  increase  of  over 700%. A sustained electric field  of  this strength can strip electrons from  the 
silicon dioxide molecules by a process  known as avalanche. The avalanche path  can  then serves as a 
conduit for current flow  from  the gate through the insulating  layer  and substrate down  to  the drain, 
effectively shorting out the device (8- 1 I]. Since  figure 4 clearly indicates that the intense electric field l a s t s  
but  for a tens of  picoseconds,  quantum  mechanical  tunneling is not  expected to contribute to  the SEGR 
failure. Avalanche is an  impact  ionization  phenomenon  where by energetic electrons, e.g.,  like electrons 
with  high  kinetic  energy in the conduction band, collide with and ionize other electrons. Literally  creating 
an avalanche of electrons. 

Figures 5 and 6 shows preliminary results of a  single experiment. The device failed during irradiation. 
Gate current, approximately -0.1 mA, is observed at the drain following irradiation, a clear indication of 
gate rupture. In figure 5, note that when the applied electric field (generated  by VDs of 37.5 volts) in 
combination with the passage of  the ion resulted in  the generation of an intense electric field transient, 
enough to trigger the gate to rupture. The  sharp decrease in gate current seen at - 72 seconds, may  be the 
first of three possible avalanches that  lead ultimately to SEGR. Figure 6 shows  the drain and source current 
during irradiation. Note the increase  in  drain  and the decrease in source current during the irradiation, a 
clear indication that electrons are swept toward the drain  and holes to  the source (and Si/Si02 interface). 
Note, once again, that the drain current matches the amount  of current ‘‘lost’’ at the gate. 

The experimental results are in agreement  with the postulated hypothesis that the Single-Event Gate 
Rupture (SEGR) phenomenon is trigger by  the passage of an energetic heavy  ion.  It is the traversal of this 
heavy  ion,  through the  power MOSFET, which induce an intense electric field transient at the silicon 
dioxide layer. Avalanche is postulated to be the mechanism by which  the insulator breaks-down  leading  to 
the gate rupture. 
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Figure 4. Simulation results for time 
dependence of  the  ion-induced electric 

field on the oxide following an 
LET40, ion strike at t = 0. 
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Figure 5. Actual  data  radiation  experiment 
of a  FRL 130 transistor (lodine ion). 
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Figure 6 Actual  data  radiation  experiment 
ofa FRL I50 transistor (lodine ion). 
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